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^ ■ Strictly adhering to the standard supersymmetric seesaw mecha- 

nism, we present a neutrino mass model which allows successful 
O^i standard thermal leptogenesis compatible with gravitino cosmol- 
^ ' ogy. Some neutrino Yukawa couplings are naturally much larger 
^ than the naive estimates following from the seesaw formula. This 

^ ■ leads to large BR{jj, 67), detectable in the next round of exper- 
iments. Ratios of /i ^ 67, t ^ e-j and t ^ fi-j branching ratios 
are predicted in terms of the measurable neutrino mass matrix. 



1 Introduction 



The observed neutrino masses can be explained by adding to the Standard Model (SM) 
one heavy right-handed neutrino Ni per generation [Tj: 

^ = ^SM + N,i^ + (XuNiUH + ]^Mi,N,Nj + h.c.) . (1) 

The neutrino mass matrix depends on the unknown right-handed neutrino mass matrix 
M (with eigenvalues Mi < M2 < M3) and neutrino Yukawa couplings A as 

= -v^X^M-^X, (2) 

suggesting that the masses of the right-handed neutrinos are below 10^'' GeV. Unlike the 
SM, this extension can generate the observed baryon asymmetry 

— = (6.15 ±0.25) X 10-^° (3) 

via thermal leptogenesis in out-of-equilibrium decays of the lightest right-handed neu- 
trino j2]. 

Various considerations motivate supersymmetry broken by Fermi-scale soft terms. Su- 
persymmetric seesaw models have new signals: quantum effects imprint the lepton flavour 
violation of the neutrino Yukawa couplings in the left-handed slepton masses, giving rise 
to potentially observable /x — 67 and related lepton-fiavour violating (LFV) processes. 
Their rates depend on the unknown (but measurable) sparticle spectrum and, more im- 
portantly, on the unknown neutrino Yukawa couplings A. Since neutrino masses tell us 
only A"^iW^^A, LFV rates cannot be predicted in terms of low-energy observables. 

In addition, standard supersymmetric leptogenesis faces a potential problem: grav- 
itino decays destroy Big Bang Nucleosynthesis (BBN), unless the maximal 'reheating' 
temperature of the hot Big Bang Trh is less than about 10^ GeV (the precise value de- 
pends on the gravitino mass and on its hadronic branching ratio) On the other hand, 
successful minimal leptogenesis requires [T31 [T71 ITH] 

TRH>2xl09GeV, (4) 

if zero initial abundance of right-handed neutrinos is assumed and only the leading 
0{Mi/M2^3) terms are included in the calculation of the CP asymmetry ei in decays 
A^i — >■ LH, LH* of the lightest right-handed neutrino A^^i . These terms originate from the 

-"^This bound does not apply if gravitinos are the lightest stable SUSY particles However, in such 
a case, BBN can be destroyed by decays of the next-to-lightest SUSY particles Other scenarios of 
leptogenesis that avoid the gravitino problem, e.g. resonant leptogenesis with almost degenerate singlet 
neutrino masses El 13 El El , soft leptogenesis ^3 , non-thermal leptogenesis ^21 , and leptogenesis 
with iVi or iVi-dominated universe ^1 El E] have been proposed. The gravitino problem is absent in 
models where the gravitino is ultraheavy or not present at all [Ifij . 
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same effective operator (LH)'^ which also gives the contributions m2,3 of the heavier A^2,3 
to neutrino masses^. Thanks to this close relation, the naive estimate ei ~ 3m2,3Mi/87r?;^ 
can be improved to the rigorous Davidson-Ibarra bound [TTl 



DI 
1 



3 (ms — mi)Mi 



(5) 



where mi < m2 < ms are light neutrino masses. Combined with precise studies of the 
dynamics of thermal leptogenesis [15] this implies eq. (jH). 

Higher orders corrections to this formula, suppressed by powers of Mi/M2^3, are not 
directly related to neutrino masses and give the additional contribution 



A CP asymmetry much above the bound (0) is obtained for m2,3/m2,3 ^ (M2,3/Mi)^ pUj . 
In other words, one needs that the N2 and N3 contributions to neutrino masses m2,3 are 
orders of magnitude larger than the neutrino masses m2,3 themselves, i.e. these contri- 
butions have to cancel each other. Barring anthrophic arguments and in absence of an 
underlying theoretical justification this would be an unlikely fine-tuning. While both 
papers in Ref. [20] claim that it seems possible to justify such cancellations, the sug- 
gested pseudo-Dirac structure fails because it controls neutrino masses, but at the price 
of suppressing the CP-asymmetry of eq. (jHI) 1201 • 

The goal of this paper consists in finding the class of models which realizes the above 
mechanism naturally and in studying their implications for the rates of LFV processes. 
In section |2] we present the texture of the right-handed neutrinos mass matrix needed 
to control the appearance of the Yukawa couplings in the light neutrino mass matrix so 
that these cancellations occur naturally, and outline how it can be justified by flavour 
models. We also address the issue of the size of effective neutrino mass rfii and show that 
it can be naturally small as required by successful leptogenesis. In section E] we perform 
a phenomenological study of such models relating the model parameters to the neutrino 
oscillation measurements. We show that the proposed class of models predicts ratios of 
/i 67, r ^ 67 and t ^ fi'y branching ratios in terms of the measurable neutrino 
mass matrix. In section |3] we show that such LFV rates must be sizable in the region 
of the parameter space that allows successful thermal leptogenesis compatibly with the 
gravitino constraint. In section El we discuss the stability of predictions with respect to 
small perturbations from the 'exact' texture. Results are summarized in section 6. 

^In this limit the two 'vertex' and 'self-energy' loop diagrams collapse into a single diagram. This 
observation could have allowed avoiding past debates (solved by fl^) on whether the 'self-energy' diagram 
contributes to ei. See [201 for a quantitative definition and discussion of 7712,3. 




(6) 
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2 Building models with leJ 



In this section we outline the basic features of our neutrino mass model which natu- 
rally accommodates an enhanced CP-asymmetry \Sei\ ^ ef^. For later convenience we 
introduce an unusual notation, writing the neutrino Yukawa matrix as 

fxA 



K K K 



Hi 



XI 



A^i Aq 



A2 
V ^3 ; 



(7) 



where Ai,2,3 are 3- vectors with (i = {e, /x, r} components. We assume that the entries 
orders of magnitude larger than what naively suggested by the seesaw (needed to get large 
m2,3) are all contained in the Yukawa couplings A3 of A'"3. For the moment we assume 
the simplest hypothesis suggested by data: 'lopsided' Yukawa couplings [22] , i-e. that 
each Aj has comparable entries A^''^'^, which naturally leads to large mixing angles.^ Our 
assumption therefore reads 



A', > A 



1,2- 



Finally, our key assumption is that, in the basis where eq. 
neutrino mass matrix has the following form 



iVi 

Ni ( Mil 



M 



N2 



V 









N2 N3 


M23 

M23 M33 



(8) 

holds, the right-handed 



(9) 



The assumption Mu 
matrix 



M 



22 



implies vanishing 33 and 13 entries in the inverse mass 





I Mil' 


V 





-M33/M 
^2-3^ 



that enters the seesaw formula 







A,. 



(10) 



:iii 



2J 



Therefore, the large Yukawa couplings A3 do not generate large contributions to the neu- 
trino masses of order A|f^/M33. In the right-handed neutrino mass basis, both N^^^^ and 
jymass gj^g large contributions 777.2,3 ~ '^3'^^^/^2,3 to neutrino masses, but they naturally 
cancel out. 



The matrix M , which controls the 'higher order' contributions to Ei, has no special 
structure in the N2, sector: 





M 



-3 








(12) 



'^A posteriori in section 3 we will find that for rhi <C rrisun the model is predictive enough that our a 
priori assumption of lopsided A2.3 is required by observed neutrino masses and mixings. 



3 



and its 33 entry gives the dominant contribution to ei, proportional to A|. 

A crucial issue for successful leptogenesis is the smallness of the effective neutrino 
mass fhi, needed to have enough out-of-equilibrium A^^i decays. The further assumption 
= (together with = 0) guarantees that the large Yukawa coupling A3 does 
not contribute to rfii. Indeed, A^i is already the lightest mass-eigenstate which operates 
leptogenesis, with mass Mi = Mu and rhi = [X^ ■ Xijv"^ /Mu, which is therefore small. 

Thus the texture described between equations ^ and has, in principle, the features 
which allow successful leptogenesis and reproducing the observed neutrino masses and 
mixings. We shall discuss these issues more thoroughly in the following sections. 

So far we identified a special basis in which our initial problem gets reduced to the 
simpler problem of explaining why certain entries are small. We now discuss how the 
needed texture can be theoretically justified by building appropriate flavour models. This 
second step usually does not lead to further insights, because usually there are many 
possible ways of justifying small couplings. This will turn out to be true also in our case, 
which however presents a potential difficulty: the texture eq. Q need strict zeroes in 
specific entries. Therefore we here explicitly address only this potentially difficult issue, 
briefiy presenting one example with M23 M33 (models with M23 ^ M33 look more 
complicated). We introduce a U(l) fiavour symmetry under which A''i, N2, N^, {L^^^^tH) 
have charges 0, 1, —1, 1, respectively, and which is broken by the vev of a fiavon superfield 
ip^ with charge 1. This implies Af 12 = ^^"22 = 0, Ai = A2 = and allows a 'lopsided' 
A3. One can force Miz = by assuming that (^9+ has charge 2/3 (rather than 1), or 
by adding extra symmetries that act only on Ni or by assuming that A^i and A'"2,3 have 
wave-functions localized in extra dimensions and with small overlap among them. Finally, 
assuming that the fiavon y9_ with charge equal to has a small vev (v?-) <C (v'+), which 
is natural in supersymmetric models^, allows small 'lopsided' Ai_2 and small M121 M22- 
Note that the mechanism that ensures M13 = also breaks the relation Af ~ A2, expected 
from our minimal charge assignment. One possibility of generating Ai and A2 in the 
phenomenologically interesting range (discussed later) is the introduction of four fiavons 
with charges ±2/3 and ±1 and with appropriate vevs^. The U(l) fiavour symmetry can 
be extended to the quarks and right-handed leptons in a SU(5)-invariant way, reproducing 
the masses and mixings of all SM fermions. It should be clear that proceeding as outlined 
above we could build many full models. We here prefer to study the general testable 
consequences. 

Small entries of M and A are stable under quantum corrections. This can be easily seen 
in SUSY models, where quantum corrections only renormalize kinetic terms. Furthermore, 
at tree level, iVi^2,3 in general already have a non-canonical kinetic matrix. Since it does 

*The i^-term potential, being invariant under the complexified global flavour symmetry, determines 
at most the product {ip+tpJ). The individual vevs might be fixed by SUSY-breaking corrections; the 
desired hierarchy {(p-) <C can be naturally obtained e.g. when {ip^ip^) = in the SUSY-limit. 

'Supersymmetric zeroes' are discussed in j23j . 

^We thank S. Davidson for suggesting models with such kinds of charge assignments and for indicating 
us the features we presented. 
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not affect the seesaw mechanism we can ignore it. 



3 Flavour violation 



In this section we perform a thorough phenomenological study of the proposed scenario 
with the aim to relate model parameters to the neutrino measurements. We start with 
studying the values of the neutrino Yukawa couplings Ai,2,3 with emphasis on the entries of 
the largest Yukawa couplings A3, which are the dominant source of the LFV effects. So far 
we assumed that each Aj is roughly equally distributed among flavours. We shall discuss 
carefully, how much this assumption is required by the observed large atmospheric and 
solar mixing angles, obtaining precise predictions for the flavour content of the neutrino 
Yukawa couplings. 

We choose rhi ~ 10^^ eV, which yields 



^i = (^i-^i)^ =^^-10 15^- (13) 

Together with large A3, these choices make as large as possible^. Then the neutrino 
mass matrix is dominated by the term 



23 



(A3 ® A2 + A2 ® A3) , (14) 



which can give both the atmospheric and solar masses m2 = y Am^^^, = y Am^tm fo^' 

A^IO^- ^''^ 

We now invert the relation (jl4p between seesaw parameters and observable neutrino 
masses and mixings. The analytic computation will be performed in an unusual but 
convenient way: as suggested by the vector notation Aj we will use vector calculus.^ 

^This might be however unnecessary, allowing smaller or larger values of Ai and smaller values of A3. 
We will discuss this issue later. 

''All our subsequent expressions can be converted into traditional notations by replacing vectors with 
their components. Models with neutrino masses and/or leptogenesis dominated by two right-handed 
neutrinos have been studied previously in the literature, but only performing generic analyses |24l I25| or 
focusing on specific models 27^ different from the ones under consideration. 

The computation below could be alternatively performed in a more indirect way using the _R-matrix 
introduced in (2S], after finding the specific class of R matrices corresponding to our class of models. 
Such R matrices can be parametrized as 



R~ \ z iz \ for Izl > 1. 




The phase of the complex number z does not play any role. See also '^,'7^. In particular, our predictions 
for LFV rates are equivalent to appropriate limits of equations (18), (19) in 25) . 
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Computing neutrino masses mj > and neutrino mass eigenstates z/j amounts to 
decompose the neutrino mass matrix given in eq. ()14|) as 



m,. 



Y,m,v:®v* (16) 



i=l 



where Vi are orthonormal vectors spanning the flavour space of the left-handed doublets. 
In the basis of charged lepton mass eigenstates they are usually parametrized as 

z>^ = yf i)2' = ^'V" z>f = Vfe*^ (17) 

where is the CKM-like part of the neutrino mixing matrix and a, (3 are Majorana 
phases. 

Defining the moduh Aj = (A*-Ai)^/^, the unit versors Aj = Aj/Aj and A3-A2 = A2A3ce^*'^, 
where < c < 1 is the 'cosine' of the angle between A2 and A3, we get: 

mi = 0, m2,3 = A2A3(1 T cy/M^^i. (18) 

The observed moderate mass ratio m^/m2 ~ 5 between the atmospheric and solar masses 
is reproduced for c ~ cos 45°, which does not require any special alignment of A2 and A3 in 
the flavour space, consistently with our assumption of 'lopsided' vectors A2,3. In contrast, 
the inverted hierarchy of the neutrino masses requires c ~ Am^^^^/ AArnl^j^ ~ 10~^, which 
means that A2 and A3 have to be almost orthogonal in the flavour space. Such an alignment 
would clearly be less natural and need further justification.^ 

The neutrino mass eigenstates are 

z/i cx A3 X A2 1^2 = , ^ z/3 = t / (19) 



/2(l-c) ^/2(l + c) 

Inverting this relation we get 

A3^2 = e^^(^^"/^) 3 V 2/ ^ ^20) 

+ 1712/7713 

in terms of the low energy observables (not affected by the phase ip). Coming back to the 
traditional notation the flavour content of the big neutrino Yukawa coupling is 



A^3 = te^'l'— uy 2/ 3^ ^21) 

'1 + m2/m3 



^If nevertheless neutrinos turn out to have an inverted spectrum, our predictions for this case can be 
found by substituting V^^ with V/^ in eq. H21|l . 
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Changing a by tt is equivalent to swapping A3 and A2- In view of observed large neu- 
trino mixing angles, the Yukawa coupling vectors Ag and A3 turn out to generically have 
'lopsided' form, which justifies our heuristic assumption made in Section 

It follows from eq. (PT|) that the model predicts 

BR(r /.7) _ JAjp BR(r ^ 67) _ JA^'^ 



BR(/z^e7) lAiP' BR(/i ^ 67) ^ \\l 



^l^e\2^ U-Df,, ^ ^^A ~ ^l\M|2 (22) 



(where b = BR{t — ^v^Vt) = 0.18) in terms of the neutrino masses, mixings and CP 
phases measurable at low energy. We fix the already measured quantities to their present 
best-fit values 

^^23 = 7, tan2^i2 = 0.4, ^ = 5, (23) 

4 1712 

and show in fig. QJi the predicted range of ratios among different branching ratios. We 
fix ^13 at a few possible values and freely vary the remaining unmeasured parameters, 
i.e. the Majorana phase a and the CP-phase (j) in neutrino oscillations. The dashed line is 
an example of the predicted range if all parameters except a were measured. The model 
predicts that /i —>■ ej, r — > 67 and t ^ fi'-f have comparable branching ratios. Since 
BR(yU —>■ 67) is presently the most strongly constrained, only fi ej seems observable in 
the next round of experiments. 

Note that it is not possible to have A3 = and therefore negligibly small BR(/i — >■ 67) 
and BR(r 67), since this would require 



tan 6^13 = A/m2/m3 sin 6^12 (24) 



which violates the 'Chooz' j2o] constraint on 613. More precisely, taking into account 
that 613 is also constrained by 'solar' and 'atmospheric' experiments, by performing a 
global fit we find sin^ 613 = 0.007 ± 0.016: data disfavour the relation ()24|1 at about 3a. 

As usual, the predicted LFV rates depend on sparticle masses which can be measured 
at colliders. Taking into account naturalness considerations and experimental bounds 
and hints, we give our numerical examples for mo = 100 GeV, M1/2 = 200 GeV, Aq = 0, 
tan P = 5. BR(yU 67) is then approximately given by 

BR(/i ^ 67) ^ 2 ■ 10-V|re/,P where 1" = A'^ In f J A (25) 

and r ^ (tan/?/5)^(200 GcV/Msusy)^ equals 1 at our reference point. Figures Q and El 
show results of a precise computation, performed by solving numerically the full set of 

^Only if future experiments establish ^13 much below present bounds, eq. 1)19(1 will need unnatural 
cancellations indicating the necessity of a flavour symmetry more complicated than 'lopsided'. Our 
predictions would remain unchanged, as they follow from the texture in eq. ©, not from the flavour 
models that can justify it. 

^"^See, however, |^ for a discussion of potentially sizable corrections to this simple estimate. Further- 
more, if Ml is lowered down to Fermi-scale energies tree-level exchange of right-handed neutrinos gives 
extra contributions to LFV rates beyond the supersymmetric loop contributions discussed here. 
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Figure 1: a) Ratios of LFV decays allowed for Oi^ = (thick black line), 0.05, 0.1, 0.15 /or 
arbitrary values of the Majorana phase a and of the CP- phase (p in neutrino oscillations. 
The dashed line shows the residual allowed range assuming that future measurements will 
fix 6i3 = and 0=1. b) Range of BR(/i cy) for arbitrary values of the Majorana 
phase a as a function of the CP Dirac phase for different values of 613. The factor 
r ^ (tan/3/5)^(200 GeV/Mgusy)^ equals one at our reference SUSY spectrum. We fixed 
A3 = 0.1, Ml = 10^ GeV, M3/M2 = 2. 

the renormalization group equations of the supersymmetric seesaw model (see e.g. 01201) 
and using exact formulae of jHUj . 

In fig. IDd we show how BR(yU — > cy) depends on 6^13,0 and a at fixed values of 
high-energy parameters. In fig. |2K we show how BR(/i — > cy) (for r = 1, 613 = 0.1, 
= 1 and minimized with respect to Majorana phases) depends on the main high-energy 
parameter, A3. As illustrated in the figure and discussed in the next section, successful 
thermal leptogenesis demands a value of A3 that implies — 67 at a level observable 
in the next round of experiments (unless sparticles are much above the Fermi scale and 
unless SUSY breaking is mediated to sleptons at energies below Mi). 



4 Leptogenesis 



Gravitino cosmology probably requires Mi a few orders of magnitude below its minimal 
value Mf I ~ 2 X 10^ GeV allowed by the bound (0) on the CP asymmetry ei [3 El- In 
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Figure 2: As function o/ A3 anc? of M2/M1 we plot contour lines of: (a) the minimal value 
o/BR(yU — > 67); t/ie factor r ^ (tan/5/5)^(200 GeV/Msusy)'' equals one at our reference 
SUSY spectrum, (h) the maximal baryon asymmetry ns/n^- The shaded region covers the 
allowed region. We assumed 9^ = 0.1, = 1, Mi = 10^ GeV, M3/M2 = 2, fhi = 10"^ eV, 
but the main conclusions do not depend on these choices, as explained in the text. 



our model this can be achieved thanks to a ei orders of magnitude larger than e^^: 

Di , 3 (Ms - M2)Mf 



l^il 



-A3. 



(26) 



The 



(In the limit M3 ^ M2 the maximal CP-asymmetry reduces to the estimate of 
CP asymmetry needed to reach a given Mi < Mf^ is \ei\ = e^^Mi/M^^ (in the absence 
of additional washout effects) and is obtained for 



A. 



msMDi /M; 



'2,3 



Ml 



3/2 



0.1 



VlOMi 



3/2 



(27) 



where we approximated M2,3 ~ M2 ~ M3. Relatively large values of A3 are needed 
irrespectively of the value of Mi/Mf \ since for smaller Mi the asymmetry Si needs more 
enhancement by the Yukawa couplings, whose naive values become smaller. The CP 
asymmetry is saturated for |ImAi ■ A3I = 1, which can be achieved compatibly with all 
experimental constraints on neutrino masses and mixings. This becomes particularly clear 
for ifii -C rrisun, because in this case Ai neghgibly contributes to the neutrino mass matrix, 
so that Ai remains fully undetermined. 'Lopsided' Yukawa couplings suggest the generic 
expectation |ImAi • A3I < 1. 



sis: 



The ratio M2,3/Mi, dictating the size of A3, is further constrained by leptogene- 
since A^2,3 have anomalously large Yukawa couplings, on-shell A''2,3 exchange gives 
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a significant extra washout of ub, unless M2^z/Mi is large enough that these effects 
are strongly Boltzmann-suppressed during A^^i decays at T ~ Mi. Roughly, one needs 
g-M2,3/Mi < mi/m2,z i.e. Mg.g > lOMi. 

Adopting the computation of this issue is precisely studied in fig. |2b, where 
we show the maximal ubItl^ as a function of A3 and of M2/M1 for Mi = 10^ GeV, 
■fhi = lO^'^eV and M3/M2 = 2 (which maximizes \ei\, see eq. fl26|) ). We find that for 
M2^z/Mi > 10 the extra washout effects are negligible, giving A3 in agreement with the 
estimate ()27|1 . At smaller M2,3/Mi the CP asymmetry ei becomes larger, but the baryon 
asymmetry ub decreases due to A''2,3-induced washout. One needs A3 > 0.1, which implies 
BR(/i 67) close to present experimental limits. This is a robust conclusion, not limited 
to the specific values of Mi and of rhi chosen in fig. |21 Indeed the above estimates dictate 
how fig. 121 can be rescaled to other values of Mi and rhi (as long as A^^i does not decay far 
from thermal equilibrium). The precise value of the reheating temperature does not affect 
n^, as long as it is a few times larger than Mi. If Trh > M2,3, also iV2,3 decays contribute 
to leptogenesis, but without giving significant corrections since they have negligible CP- 
asymmetries and big washouts. 



5 Effects of sub-leading terms 

In the previous sections we obtained predictions under the assumption that A^'3 has large 
Yukawa couplings, see eq. (jH)), which do not give rise to too large neutrino masses thanks 
to exact texture zeroes, see eq. This patten allows a natural implementation of 

the mechanism proposed in (20]. A more generic class of natural models is obtained by 
replacing the texture zeroes with generic entries, as long as they are sufficiently small. 
Using our vector notation we can now show, without any new computation, that our 
predictions remain valid also in this case. 

A large Yukawa coupling A3 is generically needed to lower Trh by enhancing ei. Its 
minimal value can be better determined once sparticles are discovered and their masses 
measured and understood. The basic assumption that allowed us to control the flavour 
content A3 was that the 32 entry of M~'^ gives the dominant contribution to seesaw- 
induced neutrino masses. This assumption followed from a model that naturally accom- 
modates a Yukawa coupling much larger than what is naively suggested by the seesaw. 

The 33 and 31 entries of would give extra contributions involving the big Yukawa 
coupling A3, if the assumed texture zeros were not exact. But even allowing these extra 
terms, the neutrino mass matrix can still be written in the form of eq. (jl4j) . with A2 
replaced by a linear combination of Ai_2,3 and with A3 unchanged. Therefore, including 
these extra terms does not affect the prediction for A3 of eq. (j7H) and the consequent 
prediction for LFV rates. 

The 11 and 12 entries of do not give contributions to neutrino masses which 

involve the large A3 Yukawa coupling, and therefore can be neglected as long as Ai and A2 
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are sufficiently small. The smallness of A2 is demanded by eq. (jisp (barring fine-tunings), 
while the smallness of Ai is only suggested by leptogenesis, eq. (fT^ . Predictions for LFV 
rates can be changed at the expense of a larger rhi > msun? which makes leptogenesis less 
efficient. This can be compensated by a larger ei obtained from a larger A3. In this way 
(and without caring of the naturalness of the model) it is also possible to suppress LFV 
effects by concentrating the big Yukawa coupling A3 into a single flavour i = e, fi or t. 
The big Yukawa coupling A3 still gives detectable effects, by making iji lighter than the 
two other right-handed sleptons. 

6 Conclusions 

As pointed out in [20] , the DI bound f?! |^ can be evaded, allowing to reconcile thermal 
leptogenesis with gravitino cosmology within minimal SUSY seesaw leptogenesis. How- 
ever, the mechanism proposed in jSHj employed neutrino Yukawa couplings much larger 
than suggested by the seesaw mechanism, such that the observed neutrino masses were 
reproduced thanks to cancellations. 

In this work we sketched characteristics of models, which achieve this goal avoid- 
ing accidental cancellations by employing the right-handed neutrino mass matrix of the 
form (0) and large Yukawa couplings N^i^X^ ■ L)H with A3 ~ 0.1. The texture © allows 
to control the contribution of the large neutrino Yukawa couplings in the seesaw mech- 
anism avoiding contribution to neutrino masses much larger than their observed values. 
We outlined how flavour models can justify the texture zeroes in eq. Assuming also 
rhi ~ 10~^eV <C ^sun (so that thermal leptogenesis is maximally efficient), we found 
that the flavour structure of the big Yukawa coupling is related to neutrino masses and 
mixings (see eq. (EU). In conclusion, the models predict a detectable BR(/i — > 67) and a 
precise correlation with BR(r 67) and BR(r fi'y). 

We would like to finish by remarking that, although we do not claim that our models 
are the only ones that achieve the goal described above, we could not find any other solu- 
tion. Similarly, although the smallness of rhi is not implied by the previous assumptions, 
in most of our parameter space it is difficult to avoid it. Future measurements of sparticle 
masses can clarify this issue. In this weak sense the predictions we obtained might be a 
generic testable consequence of natural realizations of the mechanism suggested in pUj . 
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Addendum to 



Low-scale standard supersymmetric leptogenesis 



Martti Raidal^, Alessandro Strumia^ and Krzysztof Turzynski^ 

^ National Institute of Chemical Physics and Biophysics, Tallinn 1014-3, Estonia 
^ Dipartimento di Fisica delVUniversitd di Pisa and INFN, Italia 
^ Institute of Theoretical Physics, Warsaw University, ul. Hoza 69, 00-681 Warsaw, Poland 

In |lAj we proposed a supersymmetric leptogenesis model where the two heavier right-handed 
neutrinos ^2,3 have Yukawa couplings naturally larger than what suggested by neutrino masses. 
This allows to avoid the potential conflict between supersymmetry and thermal leptogenesis |2Aj 
by enhancing the CP-asymmetry ei in Ni decays without significantly reducing the efficiency r]. 

As pointed to us by S. Davidson, when studying the reduction in r/ we only considered the 
wash-out produced by on-shell exchange of A^2,3- off-shell exchange of ^2,3 can give an extra 
important contribution. 

It is useful to understand from a more general point of view that off-shell wash-out is directly 
linked to the mechanism that enhances £1. While in the standard leptogenesis scenario £1 is 
dominantly generated by the dimension-5 neutrino mass operator mediated by ^"2,3, in our 
scenario mediate the dimension-7 operator {LH)d'^{LH), that dominantly contributes both 
to ei and to off-shell wash-out. It is therefore crucial to ensure that a sizable enhancement of 
£1 does not imply a sizable reduction of r]. The relevant non-renormalizable effective operators 
present at energies around the A^i mass are the supersymmetrized version of 

^eS = C5^^+C7^ ^^-^ ^+h.c. (A.l) 

In our model C5 = and C7 = — A|(M3 — M2)/M2M^. Neglecting the C5 • C7 interference 
term, these operators contribute to the equilibrium space-time densities of AL = 2 wash-out 
scatterings at temperature T as 

^Ns{LH ^ III) = ^m{LL ^HH) ^' ^\c,\^ + ^^IctI'- (A.2) 

We followed the notation of |3Aj . Analogous expressions hold for AL = 2 scatterings involving 
sparticles. The CP asymmetry is 

£1 = — — Imc5 - — — Imc7 (A.3) 
Sir Idtt 

in agreement with eq. (|26jl of |lAj . The above operator approximation has a general validity 
and shows that a too large off-shell washout would exclude the whole scenario, not only our 
model. One can analytically check that in most of the parameter space off-shell washout is 
small enough. 

We here present a full numerical computation of thermal leptogenesis that includes all con- 
tributions to wash-out as predicted by our supersymmetric model. Notice that the generic 
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Figure 3: Fig. 2b of [lA] modified taking into account all contributions to AL 
scatterings. We assumed Mi = 10^ GeV, M3/M2 = 2, mi = lO^^eV. 



expressions for the AL = 2 wash-out scattering rates |4Aj are not sufficiently accurate in our 
very specific context. Indeed these expressions are obtained by modifying the propagators of 
the mass-eigenstate right-handed neutrinos Ni and sneutrinos Ni (i = {1,2,3}) by taking into 
account the decay widths Fj according to the usual prescription: 

We see that njj(O) gets modified, spoiling the delicate cancellation that in our model suppresses 
the dimension-5 operator. To correctly reproduce this cancellation one has to take into account 
that also the off-diagonal Hij propagators develop an imaginary part. 

Fig. Ol shows our full result, that can be directly compared with fig. 2b in the paper 11 Aj. 
where the off-shell effect was not included. The new off-shell washout is more important than 
on-shell washout only when A3 ~ M2/M1 ~ 1. As a result, the region where leptogenesis can be 
successful survives and is shaded in green in fig. |31 getting somewhat reduced. The constraint 
on the parameter that controls lepton-flavour violating signals remains unaltered: A3 ^0.1. 
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